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PHYSICAL  MECHANISM  OP  TIIK  LOWKK-llYHKm-lJItll’T  INSTABILITY 
IN  A  C'OLUSIONAL  PLASMA 

i  .  I  NTKODE’CTION 

During  Liu.*  past  several  year:.,  li  i  gh- I  t\  « j  ir*ih  y  radar  backsca  t  te  r  experi¬ 
ments  have  revealed  a  spec  L  rum  ot  short  -wa  Vt  1  i-ngt  h  (i.i*.,  below  the  ion 
gyroradius)  irregularities  during  emialnr  i  a  I  spread  K  (ESK).  Radar  baek- 
scalier  observations  at  SO  Mil/,  IV)  MM/  and  1 1  ')  Mil/  indicate  density  fluc¬ 
tuations  exist  with  scale*  sizes  ot  Jin,  I  in,  aiul  Tb  cm,  re-s  pec  t  i  ve  1  y  [JAKEKY 
eL  al.,  L  9  7  0 ;  WOODMAN  md  LAHOZ,  ly/b;  COSIA  and  KELLEY ,  1978a,  b ;  III*  HA  e*L 
al .  ,  L978j.  Most  recently,  TSENODA  (19(80)  has  obse*rveel  radar  backscatter 
from  11  cm  (L'120  MU/)  i  r  refill  ar  i  l  i  e*s  during;  cajuaturial  spread  E  at  high 
altitudes,  using  the*  TRADES  radar.  These  ubserva  t  i  oils  were  part  ot  a  coor¬ 
dinated  Defense  Nuclear  Agency  campaign  at  Kwajalein  to  study  ionospheric 
irregularities  during  equatorial  spread  F.  Sharp  density  gradients  were 
observed  during  this  campaign  (M.  C.  KELLEY,  private  eommun  Leal  i  on ,  1980) 
and  have  been  observed  during  past  equatorial  spread  1  events  (COSTA  and 
KELLEY,  J  978a,b).  The  scale*  lengths  of  these  gradients  range  from  tens  of 
meters  te)  several  hundred  meters  and  are  presumably  due  to  primary  longer 
wavelength  instabilities  such  as  the  Ray leigh-Tay lor  instability.  Since  the 

tvpicul  ion  gyroradius  is  r,  .  ~  5m,  it  is  found  that  r,  ,/E  g0.2  where  E 

'  1  J  Li  Lin  n 

is  the  density  gradient  scale  length. 

based  upon  the*  above  evidence,  il  lias  been  suggested  that  various  drift 

instabilities  are  responsible  for  the  short  wavelength  i r regular i t ics  jjlTBA 

ct  al.,  1978;  COSTA  and  KELLEY,  1978a, b;  HE BA  and  0SSAK0W ,  1978a, bj, 

depending  upon  tin*  wavelength  observed.  Although  co L 1 i s ionless  drill  waves 

w»ui  1  ci  easily  be  •*:.<  i  ted  under  these  circumstances,  collisional.  effects  play 

an  important  roLc  in  the  instabilities  investigated  thus  far  jjlUBA  and 

uSSAKOW,  1979a, b;  STKRLINC  and  COEDMAN,  1980].  Spec  i  f  i  ca  1  1  y  ,  the  lower- 


iivb  r  id-dr  i  I  t  instability  is  the  prime  candidate  to  explain  the  1m,  H>  ^m  and 
M;niiiM*npl  submiind  November  10.  I9N0. 


II  cm  irregularities.  Recent  research  has  indicated  that  ion  collisions 
(i.c.,  ion-ion)  are  necessary  for  the  destabil ization  of  the  mode  during 
equatorial  spread  F  [HUBA  et  al.  ,  1978;  liUBA  and  OSSAKOW,  1979a].  On  the 
other  hand,  electron  collisions  (i.e.,  elecLron-ion ,  electron-elecl run, 
electron-neutral)  are  a  stabilizing  influence  and  place  a  threshold  condition 
on  the  gradient  scale  length  necessary  to  excite  the  instability  [.Hl'BA  and 
OSSAKOW,  1979a,  1980;  SPERLING  and  GOLDMAN,  1980].  The  analysis  of  these 
co Llisioual  effects  are  fairly  complex  and,  to  some  degree,  obscure  the 
underlying  physics  involved.  The  purpose  of  this  paper  is  to  present  a 
simple  discussion  of  the  lower-hybrid-drift  instability  which  elucidates  the 
physical  mechanism  of  the  mode  and  the  effects  of  collisions.  For  pedagogic.' 
purposes  we  consider  an  over-simplified  model  of  the  ionospheric  plasma. 

Thus,  the  results  presented  (e.g.,  growth  rates,  threshold  conditions)  are 
not  quantitatively  accurate  but  are  of  a  "back-of~the  envelope"  nature. 


THEORY 


11. 

A.  Equilibrium  and  Assumptions 

Wo  consider  a  plasma  immersed  in  a  homogeneous,  unidirectional 

magnetic  t ield  B  -  Be  with  an  inhomogeneous  density  profile  n  =  n  (x)  as 

^  o 

shown  in  Fig.  la.  For  simplicity  we  choose  T.  »  constant  and  T  =  0.  The 

l  e 

influence  of  finite  electron  temperature  effects  is  discussed  in  Section  III. 

The  equilibrium  drift  is  V  -  V..  e  where  V,.  =  (cT./eB)  cLt  n  /jx  Is  the 

a  l  y  cl  i  i  o 

ion  diamagnetic  drift  velocity.  Hi  is  drift  provides  the  free  energy  to  drive 
the  instability.  We  point  out  that  ‘  -  v^  for  ionospheric  spread  F  con¬ 

ditions  (here,  is  the  ion  thermal  velocity).  Collisions  are  neglected  in 
the  equilibrium  configuration  since  we  are  interested  in  time  scales  much 
shorter  than  the  diffusion  time.  In  the  stability  analysis  we  assume  that 
perturbed  quantities  vary  as  exp  Li  (ky  -  cot)].  That  is,  we  consider  flute 
perturbations  so  that  k •  B  -  0.  We  consider  electrostatic  oscillations 
since  £  <r'  1  and  make  use  of  the  local  approximation  which  requires  k  >>  1 

where  L  =  (iJL,n  /0x).~^  Also,  we  assume  that  to  <<  u  so  the  electrons  are 
no  e 

strongly  magnetized.  Finally,  we  assume  that  the  ions  behave  as  unmagnetized 
particles  which  is  crucial  to  the  instability.  The  ions  have  an  equilibrium 
distribution  function  which  can  be  described  by 


F. 

to 


V2 


v  2)h.‘ 
z  i 


(1) 


B.  Collisionless  Plasma 

It  is  worthwhile  to  first  discuss  the  physics  of  the  lower-hybrid- 
drift  instability  in  col  1 isionless  plasmas  before  introducing  coILisional 
effects.  The  assumption  of  unmagnetized  ions  is  justifiable  for  time  scales 


Fig.  1  —  Equilibrium  and  electron  dynamics  in  the*  wave*  field,  (lal  Slab  geometry 
and  equilibrium  configuration,  (lb)  Electron  motion  in  the  wave  field  «S  E.  Hen*, 
ft  Vy  is  the  ExB  drift,  ft  V  is  the  polarization  drift  and  ft  F(,  is  the  fon  t*  on  electrons 
due  to  collisions. 


much  smaller  than  an  ion  gvroperiud  (i.o.,  ,  .  when-  ...  -  m  4-  i  y  and 

.  is  the  inn  cyclotron  period).  1’hus.  i  lie  ions  have  straight  Line  orbits  on 
tills  lime  scale.  Moreover,  Wi  consider  waves  such  that  .  kv .  so  that 

i 

the  ions  are  adiabatic  (i.e.,  -n./u  ~-e;/T.).  The  electrons,  on  the  other 

l  o  L 

hand,  are  strongly  magnetized  and  exei  ate  an  oscil  latory  KxB  drift  ( '.V^.  = 

and  a  polarization  drift  (.V  -  (c/B  )  >'Ai/jl)  as  shown  in  Big.  lb. 

l>  e 

Tlie  above  equilibrium  gives  rise  to  a  dril’L  wave 

Ui  =  kV  /  (  1  +  k‘  :  *  )  (2 ) 

d  i  es 

which  propagates  across  the  magnetic  field  in  the  direction  of  the  ion  dia¬ 
magnetic  drift  (where  ^  ‘  =  (T./m  )/:<;  "  )  . 

es  I  e  e 

This  drift  wave  can  become*  unstable  because  of  inverse  ion  Landau 
damping.  That  is,  the  wave  can  absorb  energy  from  a  group  of  ions  moving 
i.n  phase  with  the  wave.  This  can  be  seen  by  noting  that 


W  +  W  =0 
w  p 


O) 


where' W  and  W  art  the  time  rates  ol  change  of  the  wave  energy  densitv  and 
w  p 

particle  energy  density,  respectively.  Now, 


W  ■  ,  Me 

w 


(s  ) 


and 


so  that 


W  =  1  W  .  1  ~  {  v 

p  \il  ^  V 


a  F . 


y  /  v 


y  k 


(vy  if) 

\  y  /v 


O) 


(h) 


v  k 


Since  .*F.  /  f\f  ■  0  tor  i.;  k  V..  ( t  rum  Eus.  (1)  and  (2))  wr  obtain  a  po  .it  ive 

lo  y  di  ‘  1 

growth  rate  (i.e.,  y  >  0).  The  growth  rate  is  given  by 


V  KC  p 
,  Al  es 

*  d  i  v  .  (1+k*  r  ^ ) ' 

l  es 


Note  that  tor  k*a>  ‘  <<  1  that  y  <*-  kJ  while  for  k* 


that  ,  k" 1  . 


t'.rowth  is  a  maximum  for  k  o  ~  L  *  Since  we  require 


for  tin*  ions  tv 


be  unmagnetized,  a  threshold  is  placed  on  the  diamagnetic*  drift  (or  density 

gradient  scale  length)  which  is  roughly  given  by  V../v.  (m  /in.)  *  or 

d  1.  1  e  1 

l 

L  i  r  <  (m./tn  )4  where  r,  .  is  the  mean  ion  Larmor  radius, 
n  L  l  l  e  L  i 

C.  Collisional  Plasma 


1.  Ion  Collisions  (ion- ion) 

As  just  noted,  a  threshold  condition  exists  on  the  density 
gradient  scale  lengLh  to  excite  the  mode  in  coll  is  ion  1  ess  plasmas.  for 
ionospheric  dontions,  the  threshold  is  approximately  L  30m  which  r«.*p re¬ 

sents  a  very  sharp  density  gradient.  Such  sharp  gradients  are  rarely  observed 
[.COSTA  AND  KELLEY,  1.978a  j.  Superf  I  e  i  a  l  Lv ,  this  would  appear  to  limit  the 
applicability  of  this  mode  to  spread  F;  however,  the  role  of  ion-ion  collision:- 
alters  tile  threshold  condition.  In  the  spirit  of  tile  paper,  we  simply  describe 
how  ion-ion  collisions  influence  the  instability  rather  than  present  a 
mathematical,  analysis.  A  detailed  derivation  can  be  found  elsewhere  (JUTiA 
a  1 1  d  uS  S AKOW ,  19/  9  a ) . 

In  order  to  excite  the  instability  ton:,  must  be  in  i  t  'n.nici 
with  a  drift  wave  propagating  perpendicular  to  the  magnetic.  Clearly  it  tin. 
ion;  are  magnetized,  they  are  tied  to  the  field  limes  .and  cannot  move  across 
tin-  tield.  However,  ion-ion  collisions  provide  a  mechanism  that  allows  ions 


to  move  across  magnetic  field  lines.  That  is,  ions  can  diffuse  a  distance 


« 


L,  ^  (  j  I  ,  .  Ill  Mill'  .U-!  I'.'ti.  It  t  u  i  .s  ■!  I  l  1IHV  i  .  "  I  t  .a  e  t  L  :  (II  i 

l)  Ill'Ll 

wavelength  l  .1h  It  l  ..e  I  ■  ■  i  ?  f  -  >  -it  -  ..  i..  L;-l  and  ln<  J  ■  1 :  j 

behave  as  unmagne  t  i  zed  par:  *J  i  it  *  iwn  dt-magm  L  i:Ml  imi  •  >  uni  i  L  i  *  an  .  is 


'  i  i 
“i 


Li 


(H) 


Since  maximum  growth  occurs  tor  k  .  ~  1  ,  Wc  require  -  m  /m.  ^  JU 

'  OS  111  e  L 

tor  instability  to  occur  in  an  ()"*"  plasma.  Lquation  (S)  is  easily  satis!  iuu 

tor  typical  spread  V  conditions. 

2.  K I  oo  t  ron  Col  1  isions  ( e  1  »v  L  ron-  i  on ,  •  •  I  a'  l  ron-tieul  ra  1  , 
e  1  o’  L  ruii-i*  I  ec  iron) 


in  co  L  1  is  ion  1  l*ss  plasmas,  the  only  energy  exchange  occurs 
between  the  wave  and  the  rcuon.mi  ions  since  the  electrons  are  nonresonant. 
However,  electron  collisions  introduce  additional  dissipation  which  modi  ties 
Ktj .  (5).  As  noted  earlier,  electrons  execute  an  oscillatory  LxB  and  polari¬ 

zation  drill  motion  due  to  the  wave  field  (Li;;.  lb).  The  polarization  drift 
is  roughly  given  by  6V  ^  (uj/ a  )  >*Vj.  which  for  the  waves  in  question  implies 

6  V  <•-.  oV  Tlius ,  the  dominant  electron  motion  is  the  ExB  drift.  Because 
p  L  -  - 

of  collisions,  a  force  is  exerted  on  the  electrons;  approximately  given  by 

>L  ~  -m  v  6V.  where  v  contains  e-e,  e-i  and  e-n  collisions.  The  rate  ol 
e  e  e  h  e 

energy  absorption  by  the  electrons  is  roughly  W  ~  -6L  •  v  *  IT  .  ihe 

total,  change  in  particle  energy  is 

W 

P 


We  i 


>bt  a  i  u  f  mm  Lq .  (  3 )  and  (■* ) 


(10) 


[V  "W. 

Thus,  resonant  ions  j;ive 
from  tiio  wave  beeau.se  ol 
requi res  (approximate  1 y ) 


>'  k 

energy  to  t la- 
col  1  is i ous . 


J 

wave  while 
1  ns tab i 1 i t y 


elee t  rons  absorb  energy 
occur.-;  when  ;  0  wh  i  c  n 


(ID 


or 


(12) 
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III.  DISCUSSION 


Our  purpose  has  been  to  give  a  physical  discussion  of  the  : uwer-hybr i d- 
drift  instability.  This  instability  is  presently  the  most  promising  o -na¬ 
tion  of  small-scale  irregularities  (<k  1  m)  observed  during  equatorial  spread 
F.  The  key  features  of  the  mode  are: 

1.  The  instability  excites  a  drift  wave  propagating  across  the 
magnetic  field. 

2.  The  wave  is  driven  by  the  free  energy  provided  by  the  density 
gradient  and  the  energy  exchange  occurs  via  an  ion-wave 
resonance . 

3.  For  an  ion-wave  resonance  to  occur  the  ions  must  be  able  to  move 
across  the  magnetic  field.  This  is  possible  under  two  conditions: 
a.  In  a  collisionless  plasma,  one  considers  time  scales  such  that 


4. 


5. 


y  >  ft.  . 

l 

b.  In  a  collisional  plasma,  ion-ion  collisions  allow  the  ions 

to  move  across  the  magnetic  field.  The  condition  is 

(v. ./fi.)k2r,  ,2  >  1. 
ii  i  Li 

Electron  collisions  allow  the  electrons  to  absorb  energy  from 
the  wave  and  therefore  provide  a  damping  mechanism. 

An  approximate  threshold  condition  for  instability  is: 
a.  Collisionless  plasma 


L  <  rT  .  (m . /m  ) 4 
n  Li  l  e 


b.  Collisional  plasma 


L 

n 


<  r 


Li 


(kvi/ve) 


1  , 
2 


9 


Finally,  we  mention  that  inclusion  of  finite  electron  temperature  effect 
introduces  (i)  finite  electron  Larmor  radius  effects  which  modify  the  disper¬ 
sion  properties  of  the  mode  and  (ii)  an  electron  diamagnetic  drift  which 
increases  the  free  energy  of  the  initial  equilibrium. 
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